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In this work, we demonstrate theoretically that the extrinsic SHE has a remarkable analogy in semiconductor optics, namely, in Rayleigh scattering of light in microcavities. The spin polarization in the scattered state can be positive or negative dependent on the orientation of the linear polarization of the initial state and on the angle of rotation of the polariton wave vector during the act of scattering. Very surprisingly, spin polarizations of the polaritons scattered clockwise and anticlockwise have different signs. Despite the visible similarity with the electronic extrinsic SHE, the optical SHE has a different physical mechanism which reminds to some extent that of the intrinsic SHE. The optical SHE is possible due to strong longitudinal-transverse splitting and finite lifetime of exciton polaritons (polaritons) in microcavities. The effect we propose should not be confused with the ''Hall effect of light'' or ''optical Hall effect'' proposed in Refs. [7, 8] , which consist in the drift of a wave packet of light in a media having a gradient of the refractive index [7] , or in the presence of the magnetic field [8] .
We consider a semiconductor microcavity in the strongcoupling regime between the optical mode of the cavity and the heavy hole excitons of the embedded quantum wells (QWs) [9] . In this regime, new eigenmodes appear called polaritons. They are characterized by two branches of in-plane dispersion which are splitted by so-called vacuum-field Rabi splitting. We shall refer to the familiar experimental configuration of the resonant Rayleigh scattering [10] . We shall suppose that one of thek Þ 0 states of the lower polariton branch (LPB) is resonantly excited by a linearly polarized light [k k x ; k y is the in-plane polariton wave vector] [see the scheme in Fig. 1(a) ]. The elastically scattered signal comes from the quantum states whose wave vector is rotated with respect to the initialk by some nonzero angle . We shall study polarization of the scattered light as a function of and k.
We shall use the pseudospin model [11] that describes the dynamics of polarization of polaritons in microcavities. The pseudospin is a three-dimensional vector. Its in-plane components describe both linear polarization orientations in a given polariton state, while its normal-to-plane component s z is proportional to the circular polarization of the polariton state and hence the total average spin of polaritons in the given quantum state.
It has been shown theoretically [11] and experimentally [12, 13] that the main mechanism of spin relaxation of polaritons in microcavities in the linear regime (i.e., if polariton-polariton interactions are not important) is the pseudospin precession induced by the longitudinaltransverse splitting of polaritons. This splitting ( LT ) gives rise to an effective magnetic field H eff oriented in plane of the microcavity which rotates the polariton pseudospin if the latter is not parallel to it [11] . Taking into account this effect, propagation of the polaritons in microcavities can be described by the following effective Hamiltonian:
where m is the polariton effective mass, is the Pauli matrix vector, the effective magnetic field H eff @ B g k , and k has the following components:
with LT @ . The orientation of the effective field with respect to the in-plane polariton wave vector is shown in Fig. 1 
(b).
Let us assume that light is incident in the x; z plane. In the reciprocal space, it excites resonantly a polariton state having an in-plane wave vector directed along the x axis, as shown in green in Fig. 1(c) . This polariton state is polarized in the xz plane (TM polarization), which means that its pseudospin s 0 is parallel to the x axis. As the pseudospin is parallel to the effective field, it does not experience any precession at the initial point. Consider now the scattering act which brings our polariton into the state k 0
x ; k 0 y , with k 0 x k cos and k 0 y k sin. Following the classical theory of Rayleigh scattering [14] , we assume that the polarization does not change during the scattering act, so that at the beginning the pseudospin of the scattered state keeps oriented in the x direction [ Fig. 1(c) ]. As the effective field is no more parallel to the pseudospin, it starts precessing. One can note that the precession takes place in opposite directions for two opposite scattering angles. Figure 2 shows schematically the resulting dependence of the circular polarization degree of light scattered by the cavity in different directions. Red (blue) corresponds to the right (left) circularly polarized light. One can note the inequivalence of clockwise and anticlockwise scattering: if the spin-up majority of polaritons (right-circular polarization) dominates scattering at the angle , the signal at angle ÿ is mostly emitted by spin-down polaritons (left-circular polarization), and vice versa. In order to obtain the polarization distribution in scattering of TE-polarized light (incident electric field in the y direction), one should simply interchange the blue and red in Fig. 2 . This effect can be detected experimentally by measuring the circular polarization degree of the scattered light versus the scattering angle. Note that in the four directions corresponding to the boarders between the blue and red areas the linear polarization of light is conserved. An experimental observation of conservation of the linear polarization in the four directions and its modification in the areas between them have been recently reported by Langbein [15] , which represents indirect evidence of the effect we propose.
This analysis can be made more quantitative by writing the equation of motion for the pseudospin of a scattered state which reads @s @t
where the first term describes precession and the second term describes the flux of polaritons coming from the initial state. It has only the x component (or the y compo- 
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136601-2 nent), as the pseudospin in the initial state is always parallel to the x axis (y axis) for TM-polarized (TEpolarized) excitation, ft s 0 1 e ÿt= , with 1 being the elastic scattering time-constant. The last term in Eq. (3) accounts for the finite polariton lifetime . The polariton population dynamics at the scattered state is described by a simple rate equation:
Solutions of Eqs. (3) and (4) 
Here and further '''' holds for TM excitation and ''ÿ'' holds for TE excitation.
The circular polarization degree of light emitted by the cavity from the given polariton state is
For our scattered state, it writes c t;
The time-averaged value for the circular polarization is c 2
Equation (8) shows that the maximum value of j c j is 1=2, and it is achieved when 1 and for 45 , ÿ135
for TM excitation and for and ÿ45 , 135 for TE excitation. The minimum value c ÿ1=2 is achieved at the angles symmetric to the above ones (see Fig. 2 ).
For numerical modeling, we consider a realistic GaAs based microcavity containing six 20 nm wide GaAs QWs. The distributed Bragg reflectors are made of AlAs=Al 0:1 Ga 0:9 As with 17 and 27 pairs in the upper and lower mirror, respectively. The vacuum-field Rabi splitting in such structures is about 8 meV. The LPB calculated for the exciton-cavity mode detuning of ÿ11 meV is shown in Fig. 3(a) . The wave-vector dependence of LT calculated using the transfer matrix technique is shown in Fig. 3(b) . It shows a maximum of about 0.1 meV at k 2:5 10 6 m ÿ1 . For such a structure the width of the bare cavity mode is 0.16 meV, which corresponds to the cavity photon lifetime ph 4:1 ps. The polariton lifetime is essentially radiative in the photonic part of the polariton dispersion and is given by The typical values of in these kind of structures are of the order of 50 eV [10] , which yields 1 40 ps. This is much longer than the polariton lifetime, which allows us to safely neglect multiple-scattering processes. Figure 3(c) shows the wave-vector dependence of the product . It reaches one at k 0 2:6 10 6 m ÿ1 , which corresponds to the incidence angle of 20 . The state corresponding to this incidence angle also has the advantage to be apart both from the bare exciton resonance and from the ''magic angle'' [16] . Therefore, the corresponding polariton states are only very weakly affected by phonon scattering and polariton-polariton scattering. In the low density limit for these states, elastic scattering by disorder (Rayleigh scattering) is the main scattering mechanism.
Figure 4(a) shows the time dependence of circular polarization degree c t for the signal scattered at 45 and ÿ45 calculated for the incident wave vector k 0 at the TMpolarized excitation. Both curves oscillate with a frequency and decay with a characteristic time ÿ1 . The only difference between them is the sign. The inset shows the time evolution of the population of these states. Figure 4(b) shows the time-averaged circular polarization degree versus the scattering angle for two values of the incident light wave vector (k 0 and k 0 =2). The curves are antisymmetric with respect to the zero-angle direction. Within the ÿ90 to 90 range of angles, the circular polarization achieves its maximum absolute value for the scattering angles of 45 and ÿ45 . This maximum varies between 0.25 and 0.5, depending on the incident wave vector.
Let us discuss at this point the similarity of the optical spin Hall effect with intrinsic and extrinsic electronic SHEs. Our effective Hamiltonian (1) is formally equivalent to the electronic Hamiltonian containing the spin-orbit interaction (Rashba or Dresselhaus) term leading to the intrinsic SHE [4] , while the wave-vector dependence of our effective magnetic field and the Rashba field is different. The similarity of Hamiltonians allows us to suggest that the optical spin Hall effect we describe is similar to the intrinsic rather than extrinsic electronic SHE. In the intrinsic SHE for electrons, an external field is needed to change the particle's wave vector and thus to create a spin polarized flux. In our case, the Rayleigh scattering of light plays the role of the field changing the polariton wave vector. On the other hand, the Rayleigh scattering in the optical SHE seems analogous to the impurity scattering of electrons in the extrinsic SHE, which allows us to suggest that our effect has also common features with the extrinsic effect. An essential difference between optical SHE and extrinsic electronic SHE comes from the fact that the Rayleigh scattering of light is isotropic and polarization independent, while the impurity scattering of electrons is anisotropic and spin sensitive [1, 2] . In our case, spin polarization of scattered polaritons is gained after the scattering act, while in the extrinsic SHE the electron spin flips during the scattering act.
Finally, the optical spin Hall effect we described invokes the scattering of particles by a static disorder. However, a similar effect can be expected for the acoustic phonon assisted scattering which follows the same spin conservation rules as the Rayleigh scattering [9] . Therefore the similar angle dependence of the circular polarization of the scattered light might be observed at upper or lower energies.
In conclusion, the optical spin Hall effect consists of the polarized Rayleigh scattering of light having an antisymmetric angular dependence. At linearly polarized excitation, the scattered signal gets circularly polarized, which means that photons gain a nonzero average spin. The orientation of this spin is critically sensitive to the direction of scattering and the orientation of the linear polarization of the exciting light. We foresee various applications in optical switches as well as for creation of polarization entangled photon pairs.
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